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Man-made mineral fibers and lung cancer
Epidemiologic evidence regarding the causal hypothesis
by Olli S Miettinen, MD, PhD,' Charles E Rossiter, MA, FFOM2
MIETTINEN OS, ROSSITER CEo Man-made mineral fibers and lung cancer: epidemiologic evidence
regarding the causal hypothesis. Scand J Work Environ Health 1990;16:221-31. Reviews of the epidemi-
ologic literature point to a causal connection between lung cancer and exposure to airborne man-made
mineral fibers. The present critical re-reviewstarts with the requirements for epidemiologic evidence to
be informative regarding a hypothesis on cancer etiology. The previous reviews relate lung cancer mor-
tality to exposurethat is too recent to be relevant. The relation to relevant (distant) exposure in the avail-
able data involves notable confounding by coexposureto other agents in the work environment, by the
lowersocioeconomic status of the exposed workers, and possibly by smoking. Moreover,analyses of trends
in standardized mortality ratios according to timing and duration of exposure involve a lack of mutual
comparability betweenthe ratios. Given these problems, the available evidenceis inadequate for testing
the causal hypothesis. However, reanalyses of the available data, augmentation of the data with reana-
lyses, and new studies could eliminate the existing inadequacies.
Key terms: epidemiologic methods, glass wool, lung cancer, meta-analysis,mineral fibers, rock wool, slag
wool, standardization of rates.
With the use of asbestos soon to be banned in the
United States, and its use already banned in some other
countries, on the grounds that asbestos causes lung
cancer , the safety of other fiber s, including man-made
mineral fiber s (MMMF), has become a major issue in
public health.
Current epidemiologic evidence on the effect of
MMMF exposure on the risk of lung cancer has un-
dergone several authoritative reviews, the most emi-
nent among them being the following: (i) Sir Richard
Doll 's overview (1) of th e epidemiologic papers
presented at the third international symposium or-
gan ized in 1986 on the safety of MMMF by the World
Health Organization's (WHO's) Regional Office for
Europe, the International Agency for Research on
Cancer (IARC), and the Joint European Medical Re-
search Board (JEMRB) in association with the Ther-
mal Insulation Manufacturers' Association of America
(TIMA) (2), (ii) volume 43 (1988) of fARC Mono-
graphs on the Evaluation ofCarcinogenic Risks to Hu-
mans, devoted to MMMF and radon (3), and (iii) En-
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vironmental Health Criteria, number 77, "Man-Made
Mineral Fibers ," published in 1988 by the International
Programme on Chemical Safety (lPCS) under the joint
sponsorship of the United Nations Environmental
Programme, the International Labour Organisation ,
and WHO (4).
Sir Richard Doll concluded that "an occupational
hazard of lung cancer has been demonstrated in the
rock and slag wool section of the industry and possi-
bly in the glass wool section [p 805] ." Th is conclusion
presumably refers to effects of the fiber s themselves
rather than to the occupations per se (with unspeci-
fied alternatives). The IARC monograph, in turn , con-
cluded that there is "limited evidence" (ie, suggestive
but not definitive evidence) for rock-slag wool and "in-
adequate evidence" (ie, the evidence cannot be inter-
preted) as to the carcinogenicity of glass wool and glass
filaments in humans. Finally, the IPCS report sum-
marized the epidemiologic evidence by observing that
"there have been indications of increases in lung can-
cer ... mainly in workers in the rock wool/slag wool
sector employed in an earl y production phase," but
it noted that " it is possible that other factors may have
contributed to th is excess [p 18]." It also pointed out
that " available data are consistent with the hypothe-
sis that it is the airborne fiber concentrations that is
the mo st importa nt determinant of lun g cancer risk
[p 18]," independent of the type of fiber.
Even though these reviews are indi sputably
authoritative, their conclusions leave rea son for con-
fusion and skepticism. The conclusions from the sep-
arate reviews are not in accord with one another ; in
particular, the larger the group of experts conducting
the review, the less compeIling the evidence seems to
be. More importantly, while these reviews are long on
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describing the evidence, they all are short on evalu-
ating it.
Given the state of the currently available major
reviews, together with the widespread exposure to
MMMF products and the attendant major public
health interest in their safety, it is the purpose of this
paper to (i) delineate the requirements to be met in
order for epidemiologic research to be informative
about the qualitative question of whether exposure to
airborne MMMF causes lung cancer, (ii) examine the
extent to which currently available epidemiologic
studies satisfy the criteria for informativeness and
what, therefore, the evidence from them means, and
(iii) make recommendations for future epidemiologic
studies on this topic. Whether the MMMF industry
represents a health hazard to its workers in terms of
exposure other than the fibers themselves is not a con-
cern in this review.
This examination of the particular topic of the risk
of lung cancer in relation to the inhalation of MMMF
may also serve a larger purpose by bringing the pre-
vailing principles of epidemiologic research on occupa-
tional cancer risks in general into critical focus. It may
help stimulate reflection on and discussion of these
questions and thereby help the development of a con-
sidered consensus on what the core principles should
be.
REQUIREMENTS FOR INFORMATIVENESS
Evidence from a set of studies is informative in sup-
porting or refuting a hypothesized causal connection
if it is of relevant form and if, in addition, its empiri-
cal content is reasonably valid and reasonably precise.
Relevance of form
As to the form of evidence in the context of a causal
hypothesis about cancer risk for humans, a first re-
quirement for direct relevance is, naturally, that it
address the human domain, that is, experience in hu-
mans. In this domain, it must represent incidence of
the cancer's inception in relation to antecedent ex-
posures to the agent in question. In practice only a
proxy for the actual inception can be addressed - the
diagnosis of the cancer or death from it. The exposures
need to be defined in reference to particular time in-
tervals backward from the time of outcome classifi-
cation (case-noncase), specified with a view to possi-
ble time lags from exposure to effect on the outcome.
Thus concern for a single agent may lead to the con-
sideration of several lag-specificexposures (5, pp 226-
227). Finally, the relation of incidence to any given
(lag-specific) exposure must be conditional on all ex-
traneous determinants of the incidence/risk (and fa-
tality perhaps) of the cancer at issue, that is, on poten-
tial confounders of the relation .
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Validity of content
For the empirical content of a relevant form to be valid
(free of bias) for direct testing of a hypothesis of can-
cer causation in man, the following criteria must be
met (5):
1. The definition of the study base (the population-
time for cancer incidence/mortality) must be unbiased.
In the context of a retrospective (segment of a) study
base, therefore, the occurrence of the outcome event
itself (here death from lung cancer) or latent deter-
minants of its risk (imminence perhaps) should have
no bearing on entry into membership in the study
population or, if such a tendency exists, it should be
unrelated to exposure history. The same requirement
applies to terminations of contributions to the study
base, whether retrospective or prospective.
2. Case identification (in the study base, for rate
numerators) must be reasonably accurate, and any in-
accuracies (false positive and false negative rates)
should be unrelated to the relevant exposure histories.
3. Selection into study base representation (for rate
denominators), in the context of sampling or incom-
plete census, should be unrelated to the exposure his-
tories.
4. Information on exposure histories (for cases and
base representatives) must be reasonably accurate (in
relation to the true range of exposure), and any inac-
curacies should be unrelated to the outcome status
(case-noncase) .
5. Potential confounding must be either shown to be
absent in the study base, or else the confounders must
be accurately measured and controlled in the analysis.
Especially because of the requirement that all poten-
tial confounders be known a priori and that, among
them, all actual confounders be identified and mea-
sured with perfect accuracy, perfect validity of evidence
for testing causal hypotheses is not attainable in nonex-
perimental research. Even in the face of imperfections,
however, a study can be reasonably valid . Thus , an
ostensibly "positive" study does in fact support the
causal hypothesis if imperfections of validity can be
deemed to explain at most a moderate proportion of
the empirical relation between the outcome incidence
and exposure. Similarly, an ostensibly "negative"
study does in fact take away from the credibility of
the hypothesis if it remains "negative" upon sufficient
correction of the empirical relation for probable bias.
In general, then, bias in nonexperimental research does
not make it meaningless but requires adjustment of the
statistical evidence for the bias, for its probability dis-
tribution (subjective).
Precision of content
In the context of a " positive" study, statistical evidence
is reasonably precise for hypothesis testing if the null
P-value (bias-corrected)is reasonably small (eg, <0.05)
in conjunction with a point estimate (bias-corrected)
representing a credible magnitude of the hypothesized
relation. (See page 112 of reference 5.) In the context
of "negative" evidence, the corresponding requirement
is that the confidence interval (eg, 95 <110) for the pa-
rameter of relation (eg, standardized mortality ratio)
be reasonably narrow (around the null value, upon al-
lowance for bias) and cover only immaterial deviations
from the null value.
INFORMATIVENESS OF AVAILABLE EVIDENCE
Studies considered
All three of the reviews noted in the introduction fo-
cused on three studies whose "observations include the
vast majority of those that have been reported on
MMMF production workers in the past [p 806]" (1).
These studies , described in the same volume that con-
tained the Doll review, are referred to in our review
as the European (6), the American (7), and the Cana-
dian (8) studies.
Our review also focuses on these three main studies
in such terms as they were reported to the 1986 sym-
posium in Copenhagen (6-8). For further insight into
the European study, a convenient source is a supple-
ment of the Scandinavian Journal of Work, Environ-
ment & Health (9) dedicated to that study.
Relevance of form
The evidence from all three studies addresses ex-
perience in the human domain and in it the incidence
of death from lung cancer in relation to exposure to
airborne MMMF decades earlier (and also in relation
to more recent exposure of dubitable relevance). To
this extent the evidencefrom all three studies is (in part)
clearly relevant to the testing of the causal hypothesis.
Whether this relation was considered conditionally
on all potential confounders of substantial relevance
is, by contrast, unclear at best. (See the section on con-
founding that comes later.)
Validity of content
Study base definition
In each of the three studies, the essence of the study
base was the same, consisting of the course over time
of a closed population (cohort) of exposed workers to-
gether with that of an open (dynamic) " general popu-
lation ," representing nonexposure. The exposed co-
hort consisted of persons with a record of past em-
ployment of some duration (in some plants a minimum
of one year) in MMMF production, and the exposed
segment of the study base was considered to consist
of the cohort's retrospective course from the attain-
ment of the minimum required duration of employ-
ment, together with a prospective segment. The unex-
posed segment of the study base consisted of "the
general population's" (geographicallymatched) course
in the span of calendar time involved in the exposed
segment of the study base.
As for potential bias in the definition of the
retrospective segment of the study base, the main ques-
tion is whether, at the time of cohort formation (in
the 1970s), the availability of previous (retrospective)
records of employment in MMMF production bore any
relation to interim deaths from lung cancer; for, if it
did, the dependence was clearly differential between
the exposed and unexposed populations. This matter
has been addressed in earlier reports, which are very
reassuring, especially in regard to the American study.
Another issue in possibly differential entry into the
compared populations is that entry into MMMF pro-
duction work implies absence of imminent death from
lung cancer, whereas entry into (continuing member-
ship in) "the general population" does not. Whereas
this difference - conducive to "the healthy worker
effect" (5, pp 32-33) - unquestionably existed in the
earliest years, it must have disappeared after the mini-
mal lag time required for any effect of exposure on
the risk of death from lung cancer (10, II).
Every effort to avoid bias from differential termi-
nations of the contributions to the study base was made
in all three studies, both retrospectively and prospec-
tively, to trace the members of the exposed cohort to
either death , emigration from the country, or the com-
mon closing date . Where these attempts failed, con-
tributions were considered to have been terminated at
an unspecified time (6), the "date oflast observation"
(7), or the common closing date (8). The treatment of
these failures was a minor issue, since their frequency
was less than 4 % in all three studies. In the unexposed
populations, contributions to the study base termi-
nated, naturally, by death, emigration from the coun-
try or region, or the common closing date. Overall,
then, no appreciable differential terminations occurred
between the contributions to the exposed and unex-
posed segments of the study base.
Case identification
In all three studies, case identification was based on
death identification and the stated cause of death (lung
cancer) on the death certificate. For lung cancer this
procedure can be taken to be reasonably, but by no
means totally, accurate, especially in earlier periods
of calendar time. Thus the question is whether its in-
accuracy was differential between the exposed and un-
exposed populations.
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The exposed populations in these studies consisted
mostly of unskilled laborers (12), in contrast to the un-
exposed "general population." If low socioeconomic
status implied less accurate diagnosis or less accurate
recording of lung cancer as the cause of death, then
the studies involved incomparability of case identifi-
cation, likely in the direction of relative underidentifi-
cation among the exposed. In addition, incomparabil-
ity with respect to the classification of death certifi-
cates, which were examined for the exposed but not
for the unexposed, could have been a source of incom-
parability, likely in the direction of relative underiden-
tification among the unexposed. The reports (6-8) do
not address these issues, and therefore comparability
with respect to the identification of cases of lung can-
cer death remains unclear.
An added point of some note is that, in the Euro-
pean study, cases were not identified at all in some seg-
ments of time and place of the unexposed experience:
"National mortality reference rates have been extra-
polated back to the date of starting MMMF produc-
tion when this date is prior to the availability of rates
[p 605]" (6). To the extent that this procedure in-
troduced inaccuracy, it is obviously differential be-
tween the exposed and unexposed populations. On the
other hand, this problem is again reduced or perhaps
even obviated when one focuses on outcome experience
sufficiently distant from initial exposure.
Study base representation
Validity of the representation of the study base (as for
exposure history, etc) was not a problem, given the cen-
sus approach to both the exposed and the unexposed
segment of the study base.
Exposure histories
Exposure histories were superficially implicit in the
definitions of the compared populations - the "ex-
posed" cohort and the "unexposed" dynamic popu-
lation - in each study, with equal clarity for cases and
noncases. Therefore, in this superficial sense they are
inherently comparable between cases of lung cancer
death and representatives of the study base (noncases).
The core question is, however, whether, within the
cohort, information about exposure histories was ob-
tained in a comparable manner for the cases and non-
cases of lung cancer death. The information was drawn
from employer's records made at the earlier time, and
comparability may therefore be presumed.
The remaining issue is whether the compared popu-
lations represent an appreciable contrast in the true
level of exposure. Of this possibility, again, there is
little question in reference to exposure that occurred
early enough to allow for a sufficient lag time to death
from lung cancer.
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Confounding
The question of whether the study base in each of these
studies was free of confounding involves, as in any
study of the effects of environmental exposure, two
component issues between the index (exposed) and
reference (unexposed) experiences, namely, compara-
bility of effects and comparability of populations. (See
sections 2.3.1-2.3.2 of reference 5.)
In this instance, comparability of effects is a mat-
ter of comparability of work between MMMF produc-
tion on the one hand and the entire spectrum of other
types of work (including none) in "the general popu-
lation" on the other in respect to coexposures con-
ducive to lung cancer.
Comparability of populations, in turn, is a matter
of comparability of workers between MMMF produc-
tion on the one hand and the entire spectrum of other
types of work (including none) on the other - in re-
spect to non work characteristics relevant to the risk
of lung cancer.
Comparability ofeffects. The possibility of confound-
ing by coexposures in the MMMF production environ-
ment was a serious threat to the validity of the studies
in question. Work in the furnace area entailed the pos-
sibility of exposure to appreciable concentrations of
polycyclic aromatic hydrocarbons (including benzpy-
rene), arsenic oxides, noxious fumes from pitch and
tar binders, and asbestos (13); and in the main pro-
duction area, "various binders, especially those of as-
phalt or tar type, probably contributed as well [p
543]," and "when resin binders were introduced, the
curing ovens frequently ... leaked their gases to the
production area [p 543]" (13).
The report of the European study states that "no
effects could be attributed to other potential risk fac-
tors: use of bitumen binders, use of asbestos, exposure
to formaldehyde [p 603]." But it is to be noted that
failure to discern the effects of these, or any other,
a priori relevant coexposures is no justification for
ignoring their effects on the results.
The American report states that "we do know that
for the mineral wool plant with the next to highest
respiratory cancer excess (plant 7) the slag used was
received from a copper smelter that smelted a very high
content arsenic ore [p 652]." An earlier report from
the American study (14) also noted "the possibility that
asbestos was used in the mineral wool plants [p 3],"
which was likely substantial for plants 13 (personal
communication, J Hernan) and 17 in particular (15,
16). Yet these plants were not excluded from the study,
nor was any allowance made for the effects of coex-
posures. Consonant with this, the recent report (7) con-
cludes by noting that, "On balance, our findings ...
throw little light on the question of whether (the ob-
served association) is due to the fibers themselves or
is related to other contaminants that might be present
in the environment of man-made mineral fibre work-
ers [p 653]." (The reader may ask why, then, is such
research done at all.)
In the Canadian report , not even an allusion is made
to the possibility of incomparability of extraneous ef-
fects.
Comparability of populations. All three studies ac-
counted for the implications of age, sex, calendar time,
and geographic region of residence.
Other concerns expressed in the reports are confined
to the possibility of confounding by smoking habits.
The European report acknowledged that' 'the absence
of information on smoking habits is certainly a limi-
tation [p 619]," but it expressed the (unsubstantiated)
belief that " smoking is unlikely to explain the entire
excess [p 619]" of lung cancer deaths among MMMF
workers. In the American study, "smoking histories
were obtained through telephone interviews with the
worker himself (if still living) or a knowledgeable in-
formant, ideally a member of the worker's immedi-
ate family ." With this approach to history-taking, in
the context of a third of the subjects being dead, and
with "ever-smoked defined as 20 packs of cigarettes
or more during a lifetime or a cigarette a day or more
for 1 yr. or more [p 646]," the proportions of " ever-
smoked" were compared, in three (broad) categories
of age, with those in the white male population of the
United States in 1980. The proportions were similar,
but the methods by which they were derived were, alas,
far from comparable, to say nothing about the super-
ficiality of the contrast itself. In addition, in a regres-
sion analysis within the cohort, smoking was "con-
trolled" in terms of "ever-never-smoked" and , sepa-
rately, in terms of "duration of smoking and time since
started smoking ." This procedure does not, however,
accord with the requirements for valid control of
potential confounders. (See the Validity of Content
section under Requirements for Informativeness.) The
Canadian report, addressing the standardized mortality
ratio (SMR) (= 200, based on 19 cases) for lung can-
cer among "plants-only" workers, noted that: "Even
though data on smoking are not available, such an
increase is probably too large to be attributable solely
to this cause [p 661]."
With all this attention to potential confounding by
smoking habits specifically, none of the reports even
alludes to the possibility of confounding by the non-
specific factor of socioeconomic status. Exposed work-
ers in MMMF production are, as was noted already,
mostly unskilled laborers (12) and thus generally of a
lower socioeconomic status than "the general popu-
lation." A lower socioeconomic status for the exposed
cohorts implies, quite possibly for reasons that go
beyond smoking, the expectation of elevated SMR
values for lung cancer in particular (11,17-19), as
is illustrated in table 1.
Apart from the exposure-nonexposure contrast, all
three studies sought additional evidence by exploring
possible trends in the SMR values for lung cancer ac-
cording to the time lag since the beginning of exposure,
and also according to the duration of exposure. In this
pursuit, all three studies involved the (implicit)
presumption that SMR values for various lag times,
and durations, were mutually comparable. Yet the
ordinary SMR statistic involvesonly internal standardi-
zation, not mutual standardization. (See page 271 of
reference 5 and the later section on SMR reanalyses
of this review.) The longer the lag time, or the dura-
tion , the more the mortality experience on which the
SMR is based is weighted in favor of older people.
Thus the trend in SMR over age reflects, in part, age
modification of the observed-to-expected ratio, and,
in this context, it is important to note that the excess
in the SMR for lung cancer among workers of lower
socioeconomic status or the SMR excess arising from
confounding by socioeconomic status shows a trend,
a declining one, over age (table 1). Apart from age,
the SMR values for different time lags since first ex-
posure and for different durations of exposure are also
devoid of mutual standardization as to calendar time
(as well as to sex and geographic region).
A related problem in these analyses in the way they
were carried out has to do with the "healthy worker
effect" associated with continuing work. The longer
the duration of exposure, the more likely the worker
is to have been employed not only early in life, but
recently as well, and this is the case in particular when
duration is considered conditionally on the lag time
since the onset of exposure. The consequence is that
the healthy worker effect from recent employment
tends to bring down the SMR for persons exposed
long-term , or even to create an "inverse relationship"
such as was observed in the American study.
Table 1. Standardized mortality ratios' for all causes of death
and for respiratory cancer among manual workers in Great
Br!tain in 1979-1980 and 1982-1983 combined, by level of
skill and age (18).
Cause of death
Ageb (years)
45-54 55-64
Any
Skilled workers 105 110
Semi·skilled workers 117 115
Unskilled workers 181 153
Respiratory cancer
Skilled workers 115 120
Semi-skilled workers 133 122
Unskilled workers 204 169
a Ratios (multiplied by 100) of observed numbers of death in
the occupational subpopulations to the ir respective ex·
pected numbers, the latter being based on the total popula-
tion rates specific for age and sex.
b Data for persons over 65 years of age were not available from
the source ; data for persons under 45 years of age were not
relevant in the context of lag times of 2: 20 years.
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Table 2. Observed (0) and expected (E) numbers of deaths from lung cancer ~20 years after first exposure, by type of man-
made minerai fiber (MMMF) .
Study
Total
Type of fiber European American Canadian
0 E 0 E 0 E 0 E
Any MMMF 80 67.9 301 268.0 12 6.2 393 342.1
Slag (± rock) wool 23 12.2 45 34.4 0.0 68 46.6
Rock wool only 11 12.1 0.0 0.0 11 12.1
Glass fibers only 46 43.6 256 233.6 12 6.2 314 283.4
Fine fibers (±woollfilaments) 0.0 14 10.7 0.0 14 10.7
Wool (±filaments)
without fine fibers 46 41.3 193 176.3 12 6.2 251 223.8
Filaments only 2.3 49 46.6 0.0 49 48.9
Table 3. Estimates of the standardized mortality ratio (SMR)
for lung cancer ~20 years after first exposure, by type of man-
made mineral fiber (MMMF). (95 % CI = 95 % confidence inter-
val)
SMR
Type of fiber Point
estimate 95 % CI
Any MMMF 115 104-127
Slag (±rock) wool 146 113-183
Rock wool only 91 45-153
Glass fibers only 111 99-123
Fine fibers (±wooll
filaments) 131 71-208
Wool (± filaments)
without fine fibers 112 99-126
Filaments only 100 73-128
Any MMMF other than slag wool 110 98-122
Proper analyses of these matters would accent, or
perhaps be confined to, those employed over 20 years
ago, say, irrespective of subsequent employment. In
this domain, as was already noted, the healthy work-
er effect will have vanished (11), and the SMR values
may be related to the amount of etiologically relevant
exposure, for example, to the amount of exposure over
20 years ago. In none of the studies was this proce-
dure carried out.
Precision of content
A simple yet commonly adequate index of the preci-
sion of an epidemiologic cause-effect study is the num-
ber of exposed cases (5, p 97), observed and/or ex-
pected. This index is applicable not only to individual
studies but, just as readily, to meta-analysis of a whole
series of studies reported in the literature.
Before this number can be addressed properly in
studies of cancer etiology, it is again necessary to ap-
preciate the minimum lag time from exposure to out-
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come. Especially when the lag from the inception of
exposure to death from lung cancer is under consider-
ation, the accent must be on cases exposed more than,
say, 20 years ago if relevance is to be assumed.
The observed/expected numbers of exposed cases,
in the sense of a lag time of at least 20 years from the
initial exposure and with all types of exposure com-
bined, were 80/67.9, 3011268.0, and 12/6.2 in the
European, American, and Canadian studies, respec-
tively, adding up to the total of 393/342.1, numbers
shown in table 2. The table also shows the correspond-
ing numbers specific to particular types of exposure
(slag wool with or without rock wool, rock wool only,
fine glass fibers with or without glass wool, glass wool
with or without glass filaments but without fine fibers ,
and glass filaments only).
The SMR values specific to the three main types of
fiber (slag, rock, and glass) (table 3) do not show
statistically significant deviations from homogeneity;
the chi square (2 degrees of freedom) for their
homogeneity is 4{[(68f1-[46.6(1.l5)] V,f+ [(llf1-
[12.1 (1.15)] v, + [(314)V, - [283.4(1.l5)] V, = 4.6, cor-
responding to P = 0.1. In this statistic, the value 1.15
represents the overall observed-to-expected ratio across
the three types of exposure, involving 68 + 11 + 314
= 393 observed cases and the expected number of
46.6+ 12.1 +283.4=342.1, so that SMR= 100(393/
342.1) = 115 (table 3). On the other hand, the SMR for
slag wool (notable for its relevant coexposures) is sig-
nificantly higher than that for the union of rock and
glass wool: X'=4.1, P=0.02 (one-sided).
The SMR values for the three types of glass fiber
(table 3), similarly. do not show statistically signifi-
cant deviations from homogeneity (X' = 0.92, P = 0.6),
nor is the SMR for fine fibers significantly higher than
that for the union of the other two types of glass fiber
(X'=0.37, one-sided P=0.2).
Thus the primary interest is in the overall SMR over
all types of fiber other than slag wool. For it, the point
estimate is 325/295 .5 = 110, associated with the 95 %
confidence interval (5, p 138) of [(325)v, ± 1.96(0 .5)]' /
295.5 = 98-122 (table 3).
Overall informativeness
Whereas on the surface the statistical evidence suggests
a slight elevation of lung cancer risk from exposure
(over 20 years ago) to airborne MMMF at large and
from exposure to slag wool specifically, these sugges-
tions lose meaning upon allowance for definite, posi-
tive confounding by extraneous agents in the workplace
of MMMF workers and by socioeconomic status. In
fact, in the light of the effect of socioeconomic status
alone (table I), the observed SMR values (table 3) are
remarkably low, even if full assessment of this aspect
would require availability of data of the sort given in
table I for higher ages.
Even upon allowance for these two types of con-
founding, however, interpretation of the evidence as
either supporting the hypothesis, or detracting from
it, would require assurance of absence of confound-
ing by smoking, and the studies provide either no or
non compelling evidence in this respect.
No assessment of possible trend in the SMR in re-
lation to the duration of exposure (over 20 years ago),
with maintenance of comparability with respect to such
variables as age, can be made from the published data .
RECOMMENDATIONS FOR FUTURE STUDIES
Recommended future studies consist of (i) reanal yses
of the data now available from the three studies, (ii)
augmentation of the data from the three studies, with
analyses analogous to the reanalyses , and (iii) new
study /studies resulting from a request for proposals.
Reanalyses of the existing data
Reanalyses of the existing data should be of two kinds,
SMR analyses and regression analyses.
SMR reanalyses
SMR reanalyses should involve stratification by age
(eg, lustra), calendar time (eg, decades), and geo-
graphic region (local), as before.
Within such strata, contributions to the amounts of
population-time and the numbers of cases (observed
and expected) should be restricted by the exclusion of
women and persons with less than one year of employ-
ment . (See reference 1.) In addition, persons repre-
senting known and appreciable occupational exposure
(over 20 years ago) to extraneous airborne agents
known to be causal for lung cancer and persons first
employed less than 20 years ago should not contrib-
ute. Notable among those exposed to extraneous agents
are workers in plants 7, 13, and 17 in the American
cohort and the preproduction workers exposed to as-
bestos in one of the Norwegian plants in the European
cohort (I) .
After such exclusions, the population-time and num-
bers of cases (observed and expected) within the stra-
ta should be derived primarily in reference to exposure
more than , say, 20 years prior to any moment at which
the contribution is made, with only secondary atten-
tion to more recent exposure.
A first set of analyses should address distant ex-
posure in all-or-none terms and lead to separate SMR
values for each of the following: (i) any appreciable
exposure to any type of MMMF, (ii) any appreciable
exposure to slag wool, with or without exposure to
other types of MMMF, (iii) any appreciable exposure
to rock wool only, (iv) any appreciable exposure to fine
glass fibers, with or without exposure to glass wool,
(v) any appreciable exposure to glass wool, with or
without exposure to glass filaments but without ex-
posure to fine glass fibers, (vi) any appreciable ex-
posure to continuous glass filaments only. In essence,
these analyses will replicate the results in the section
on precision of content under Informativeness of
Available Evidence, though with enhanced validity
arising from the aforementioned exclusions .
The main concern in the reanalyses is to learn
whether the SMR values for various amounts of ex-
posure (in the distant time period) show an increasing
trend over increasing amount, upon maintenance of
comparability of the SMR values in terms of the
stratification factors. The amounts of exposure in that
time period should address each of the qualitative types
of exposure that have been delineated in the preceding
discussion.
The amount of exposure for any given type of fiber
should be addressed in terms of three categories. It
should be based on an index of intensity-adjusted du-
ration of exposure. In the European study the index
may be the sum over the three technological phases
of duration of exposure (in the distant period) in a
given phase multiplied by an intensity-of-exposure
coefficient for that phase. In the American study, in
turn, the index may be their "integrated exposure"
measure. In the Canadian study, total duration of ex-
posure in that period would have to do . Whatever the
index, the cut-off points between low, intermediate,
and high exposure should be chosen more or less as
the first and second tertiles of the distribution of the
values of the index.
For any given stratum (based on age, calendar time,
and region), then, the data consist of the observed
numbers of cases (Olj' 02j' 03j) and their correspond-
ing population-times of observation (Tlj, T2j, T3j) for
low, intermediate, and high exposure, respectively, to-
gether with the corresponding reference incidence-
density of death from lung cancer (IOj); and these im-
ply the corresponding expected numbers Eij= IOjTij,
i= 1,2,3.
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Mutually standardized SMR values for the three lev-
els of exposure, based on all of the strata, may then
be derived as
New data related 10 the cohorts
lowing drawbacks: (i) for population-time relatively
close to the time of first employment, they involve the
healthy worker effect, (ii) for all population-time they
involve confounding by socioeconomic status, and per-
haps by smoking in addition, (iii) they rely on rela-
tively superficial data (in terms of which all members
of the cohort have been characterized), and (iv) they
suffer from the statistical inefficiency inherent in strati-
fied analyses in the absence of matching (as is the case
when different amounts of exposure are compared; see
reference 5, pp 216-217), and also inherent in ex-
posure definitions of the sort of a given type of ex-
posure only (5, pp 33-34).
The recommended focus on exposures at least, say,
20 years prior to outcome classification obviates the
first problem, and the recommended way or dealing
with different amounts or exposure obviates the con-
sequences of the second one in most of the analyses .
Yet the proposed reanalyses for SMR values leave, as
has already been noted, all of them subject to con-
founding by socioeconomic status, and the third and
fourth problems are inherent in SMR analyses.
All of these problems are resolved, to varying
degrees, if "the general population" is omitted as the
reference population and, instead, (i) contrasts (based
on exposure) are formed within the cohort (its blue-
collar segment) , (ii) superficial data on the entire co-
hort are replaced by more-detailed data on its cases
and on a sample of its time course (matched to the case
series on the stratification factors), and (iii) stratified
analyses are replaced by ones based on regression
models (incorporating the stratification factors, for ex-
ample).
On the other hand, this alternative to the SMR ap-
proach is relatively uninformative if the variability of
exposure within the cohort is small - prone to arise
as a result of a relative lack of experience with nonex-
posure (in the etiologically relevant time period) within
the cohort.
It follows that the SMR analyses should be sup-
plemented by such regression analyses (20) within each
of the three cohorts . For, even if a lack of variability
in exposure were to be a problem, it would be well
manifest in relatively wide confidence intervals for the
qualitative contrasts, whereas the "dose-response"
analyses cannot but gain in precision.
The most relevant data related to the three cohorts with
respect to lung cancer mortality in relation to fiber ex-
posure in a suitably distant period of time are wanting
as of now, as has already been noted .
The most obvious, though not the most important,
shortcoming concerns the precision afforded by the
currently available data. For each of the three par-
ticular types of fiber the confidence limits for the SMR
are still wide. A partial solution to this problem is ex-
(equation I)
(equation 2)
(equation 3)
(equation 6)
(equation 4)
SMR j = [LjWj(0;;lTjj)]l[LjWj(E;;ITjj)]
= (LjWj*Oij)1 (LjWj*Ei;}.
Wj=(I /Toj+ IIT'j + I/T2;}-',
Wt = [Tij(IIToj+ IIT,j+ I /T2j ) ] - ) .
Yet better weights are
exp[log (SMR j ) ±X.(V SMR) \!,I SMR,],
Wj= 10j(l/Toj + IIT l j + IIT2j) - I ,
Wt = 10jrr, (I /Toj + I /T )j + IIT2j)]- ).
The variance of SMR j may be estimated as
where Xu is the square root of the I - a fractile of the
chi-square distribution (1 degree of freedom).
Testing of the significance of the trend in the SMR
over the three levels of dose may be based on weighted
regression (5, pp 207-209).
Considering that all of these SMR values will, again,
be confounded by socioeconomic status and that the
amount of this confounding will depend on age and
calendar time, it will also be essential for their interpre-
tation to provide data on the distribution of the ex-
posed segment of the study base (population-time) over
the strata on the basis of age and calendar time (col-
lapsing the elementary strata over geographic regions),
separately for each type/amount of exposure. It will
also be good to provide the observed and expected
numbers of cases by these (partially collapsed) strata
to assist the judgments and to provide for supplemen-
tary analyses by reviewers of the results.
VSMR; = [(SMR) Lj(W/)2Ei;J!([Lj(Wt) Eij]' l, (equation 5)
and 100(1-a) % two-sided confidence limits may then
be derived as
In what has been done according to the study reports
(6-8), the weights Wj have been considered (implicit-
ly) as equal to T jj , so that Wt = I; but when Wj = T ij ,
the weights for the rates (observed and expected) re-
main specific for the particular amounts of exposure ,
and they are, thus, standardized only within the SMR
values, not among them. Proper weights are the same
across the amounts of exposure; and ideal weights are,
in addition , proportional to the amounts of compara-
tive information. In these terms, a first improvement
in the weights would be to take them as
Regression analyses
Whereas the SMR analyses draw from comparisons
between exposed (sub)cohorts and the geographically
matched "general population," they involve the fol-
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tension of the cohorts' follow-up for lung cancer mor-
tality. If a five-year extension were to be effected, it
can be confined to those who at the conclusion of the
previous follow-up represented experience more than
16 years after first employment in MMMF production.
In this follow-up, the first concern should be iden-
tification of all cases of death from lung cancer, ulti-
mately with the use of the same information used in
population vital statistics. However, each case thus
identified will need to be classified as admissible or in-
admissible, and discarded if inadmissible. Inadmissi-
ble cases include, first, those who meet any of the ex-
clusion criteria given in the section SMR Reanalyses
as applied to the time of death. In addition, excluded
should be those who can be inferred to have been ap-
preciably exposed to extraneous agents on account of
their type of occupation, notably furnace operators
and curing oven operators before automation of the
ovens.
For each admissible case, some five admissible refer-
ence subjects, matched (exactly) for age, calendar time
and plant, should be drawn randomly from among the
survivors in the cohort (at the age and time of the case's
death) - with inadmissibility defined identically with
that of the cases.
For each admissible case and referent the work his-
tory should be abstracted, blindly as to the case-non-
case status, in all accessible detail with a view not only
to the type of fiber but also to fiber diameter , use of
oil as a dust suppressant, and rate of production in
the MMMF plant, as wellas relevant exposures in work
outside MMMF production. These elements should
then be translated to a refined index of intensity and
duration of exposure in the relevant time periods ,
drawing from the work of Dodgson et al (21) and that
already under way in the context of the American study
(7).
If, in the light of the reanalyses outlined under SMR
Reanalyses, it is deemed that comparison with "the
general population" is helpful (on account of limited
availability of nonexposure over 20 years ago within
the cohorts), then the relevant rates of this kind should
be abstracted as well. However, given the problem of
confounding by socioeconomic status, every effort
should be made to obtain rates (of lung cancer mor-
tality) specific for industrial workers, separately for
skilled and unskilled workers among them. Invocation
of this type of reference information requires that also
population-time of follow-up, by category of exposure
within the strata, be derived for the extension of the
cohorts ' follow-up .
Given the refinements in this extension of follow-
up, these refinements should also be extended back-
ward to the experience already covered, to allow for
proper pooling of evidence over time. How far back
to go needs to be judged with a view both to the
amount of information and to its validity. The amount
of information in any given (marginal, early) period
of calendar time must be viewed in terms of tlte (null)
expected number of cases exposed in the etiologically
relevant period, in proportion to the expected num-
ber from subsequent experience. The validity, in turn,
is mainly a matter of accuracy of work histories and
possibly also of the availability of reference rates
specific for industrial workers. In the setting of this
cut-off point in retrospective calendar time, it is to be
borne in mind that, apart from relevance, validity
dominates over precision. It is better to be imprecise-
ly right than precisely wrong.
In these refinements, the acquisition of data on the
smoking histories of the cases and the base sample
from the cohorts would be highly desirable for the pur-
pose of exploring, and possibly controlling, confound-
ing by it if it could be done with the required accu-
racy. (See Validity of Content under Requirements for
Informativeness .) Chances for attaining such accuracy
are remote even in respect to follow-up that is yet
prospective (newest extension), to say nothing about
the experience that is already retrospective. Since poor
data on smoking serve only to confuse the issue, it is
recommended that these histories not be pursued and
that, instead, socioeconomic status be controlled by
means of intracohort analyses and the use of reference
rates specific to industrial workers, as stressed.
New studies
The focus, up to now, on the three production-worker
cohorts has sprung from the original idea of focusing
on persons representing appreciable exposures a suita-
bly long time ago and from an appreciation of the ef-
ficiency inherent in building , in the context of exten-
sions of follow-up, on work already accomplished. It
is to be recognized, at the same time, that exposures
in the late technological phase are no longer high and
thus not very informative for testing the hypotheses
concerning MMMF as a cause of lung cancer. This de-
velopment serves to diminish the utility of extended
follow-up of the cohorts.
This situation raises the question of whether it is pos-
sible to identify cohorts which, in the near future,
would represent higher levels of exposure in the suit-
ably distant past than MMMF production workers (ac-
tive or retired) do. Blowing wool insulators might soon
become a useful population to study, barring
unsurmountable problems in forming such a cohort
in an unbiased way, and other types of cohorts prob-
ably would have potential as well.
It follows that sponsors of epidemiologic work on
the safety of MMMF (notably JEMRB and TIMA)
should sponsor pilot studies on the feasibility of
forming informative new cohorts and, in the second
phase, float a request for proposals of actual work on
such cohorts. In the evaluation of such proposals, care
should be taken to assure that the proposals involve
the recruitment of, or deployment of a priori existing,
reference cohorts consisting of workers in particular
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unexposed occupations. For any given exposed cohort
there should be more than one reference cohort of a
size at least equal to that of the exposed cohort; and
all of these should represent comparability with the ex-
posed cohort in terms of a priori judgments regard-
ing the relevant issues. The availability of several,
sizable reference cohorts provides for the assessment
of their homogeneity of risk and, thus, of the tenabil-
ity of the a priori judgments.
CONCLUDING REMARKS
As has been shown in this review, the currently avail-
able epidemiologic evidence is inadequate for testing
the hypothesis that MMMF exposure constitutes a haz-
ard in respect to lung cancer.
The evidence derives from work that accords with
the traditional principles of epidemiologic research in
general (22), and of occupational health epidemiolo-
gy in particular (23), but it does not measure up to the
more stringent requirements of modern epidemiologic
research (5, 24), outlined in the section Requirements
for Informativeness of this review. For critical re-
thinking of the principles of epidemiologic research on
occupat ional cancer risks, the central topic should be,
we suggest, the conditions for appropriateness of the
trad itionally common basic approach to such research.
In this process, the point of departure is, quite proper-
ly, the enrollment of an occupationally exposed cohort .
Some problems arise from the common practice of
utilizing its retrospective experience as to the occur-
rence of the cancer (or death from it). But the main
problems lie with the routine of contrasting this ex-
perience with that in the open (dynamic) " general
population ." As has been illustrated in this review, and
argued elsewhere (eg, 5), serious problems tend to be
associated with this type of contrast, the "healthy
worker effect" being a well familiar, yet only one,
manifestation of these. This type of contrast remains
ingrained in occupational epidemiology, we believe,
mainly on the grounds of the historical and more
demographic than epidemiologic paradigm of SMR
statistics for various occupations, provided by central
registries of deaths, originally in Great Britain. Proper
paradigms are found in laboratory and clinical science
(5,24), a manifestation of which is the absence of the
concept of the "sick patient effect" from the latte r.
In these terms, an occupationally exposed cohort is to
be contrasted to a comparable unexposed cohort with
a view to coexposures, type of subject, and accuracy
of outcome information.
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